ABSTRACT: Viral haemorrhagic septicaemia virus (VHSV) genotype IVb was recently detected as the cause of numerous mortality events in Great Lakes fish. In situ hybridization was used to examine the gonads from 13 fish, including freshwater drum Aplodinotus grunniens and muskellunge Esox masquinongy that were infected naturally, as well as rainbow trout Oncorhynchus mykiss and fathead minnows Pimphales promelas, which were experimentally infected. Although the ovaries and testes of fish infected by VHSV IVb had few lesions, viral RNA was present in the ovaries of the rainbow trout and fathead minnow and was abundant in the gonads of muskellunge and in the ovaries of freshwater drum. Viral RNA was present mainly surrounding yolk vacuoles/granules or adjacent to the germinal vesicle, with lesser amounts found within the germinal vesicle, in the mesovarium and/or tunica albuginea and blood vessels of the ovary. Viral RNA was also found in and surrounding primary and secondary spermatocytes of the muskellunge.
INTRODUCTION
Viral haemorrhagic septicaemia (VHS) is a disease that causes significant annual economic losses in commercially important wild and cultured fish species worldwide. The VHS virus (VHSV) is an enveloped piscine rhabdovirus with single-stranded ribonucleic acid; it is divided into 4 genotypes that correlate with geographic location (Snow et al. 2004) . VHSV is documented to infect more than 50 species of marine or freshwater fish, and VHSV IVb infects at least 28 species of fish in the Great Lakes basin (Winton et al. 2008) .
The primary means of transmission is horizontal, and, to date, there is no substantiated evidence for vertical transmission. If vertical transmission were found to occur it could potentially influence regulatory and management options. Following immersion of fertilized trout eggs in water containing VHSV, the virus could be isolated for only a short period afterwards and was not recovered from the hatched fry (Jorgensen 1970) . VHSV is present in ovarian fluid (Eaton et al. 1991 ) but has not been located within the oocyte. We have recently detected VHSV antigen using immunohistochemistry (IHC) from multiple tissues, including mesovarium, testes and oocytes of freshwater drum Aplodinotus grunniens and muskellunge Esox masquinongy collected from Great Lakes mortality events (Al-Hussinee et al. 2011) and in the mesovarium and oocytes of experimentally infected fathead minnows Pimphales promelas (Al-Hussinee et al. 2010) . There is a possibility that the polyclonal antibodies used for IHC cross-react with altered host antigens within the oocyte (Al-Hussinee et al. 2010) or that un quenched endogenous peroxidase was present. Therefore, in situ hybridization (ISH) was developed for VHSV IVb to establish the presence of viral RNA within gonadal tissues and oocytes of fish species that were previously confirmed infected with the virus.
MATERIALS AND METHODS

Tissues.
Reproductive tissue was obtained from 6 freshwater drum Aplodinotus grunniens (1 to 5 kg; 6 ovaries from separate fish) and 2 muskellunge Esox masquinongy (> 6 kg; 1 ovary, 1 testis) that were collected from the Bay of Quinte and St. Lawrence River, Canada, respectively, during mortality events associated with VHSV IVb (Lumsden et al. 2007 , Al-Hussinee et al. 2011 . Tissues from rainbow trout Oncorhyncus mykiss (~15 g) and fathead minnow Pimphales promelas (~10 g) were collected from fish following experimental infection with VHSV IVb (Al-Hussinee et al. 2010 ). Relatively few gonads from rainbow trout (n = 2; 1 infected and 1 control) and fathead minnow (n = 3; 2 infected and 1 control) were available for sectioning. Pooled tissues including gonads were subjected to virus isolation and reverse-transcriptase polymerase chain reaction (RT-PCR) (Al-Hussinee et al. 2010) . Tissues were fixed in 10% neutral buffered formalin, were sectioned by routine methods, and IHC for viral antigen was performed on all tissues (Al-Hussinee et al. 2010) . For the present study, additional liver, heart and gonads were subjected to IHC to allow comparison of the pattern of viral antigen with viral RNA detected using ISH, as described below. All tissues used in the present study were from fish that were confirmed infected with VHSV IVb by virus isolation, RT-PCR and IHC.
In situ hybridization. All glassware used for in situ hybridization was cleaned and rinsed for 1 h with certified 0.25 M NaOH (Fisher Scientific) and then rinsed in diethylpyrocarbonate (DEPC; Sigma) water, airdried, and left until used. Reagents and buffers used for ISH were made with RNase-free DEPC water.
For labelling VHSV RNA, an isolate from freshwater drum (U13653, Lumsden et al. 2007 ) was replicated in epithelioma papulosum cyprini cells. Upon appearance of cytopathic effects, the culture supernatant was used to amplify the template, using RT-PCR with VHSV IVb-specific primers (Al-Hussinee et al. 2010 ). The template obtained was labelled with digoxigenin (DIG) (Roche) with the labelling procedure and thermocycling conditions recommended by the manufacturer. Briefly, primary denaturation was performed at 95°C for 1 min, followed by 40 cycles at 95, 60 and 72°C for 30 s, 30 s and 40 s, respectively. A final elongation cycle was performed at 72°C for 7 min. To determine whether the probe had been successfully labelled, 5 µl of labelled and negative control (unlabelled) mixtures were electrophoresed using 1.2% agarose gels, and bands were visualized using ultraviolet light. The DIGlabelled and unlabelled probes were each aliquoted and saved at -20°C until used.
ISH was performed on selected tissues, including heart and liver, from fish that had moderate to severe histological lesions and also from ovary (all species) and testes (muskellunge only) in which VHSV IVb antigen had been detected by IHC (Al-Hussinee et al. 2011) . ISH was performed as described (Sur et al. 2003) with some modifications, as described below.
Deparaffinized tissue sections: Unstained 5 µm sections were cut from paraffin blocks and heated at 60°C for 45 min; this was followed by double dewaxing in xylene for 5 min followed by a graded series of ethanol (100, 95, 80 and 50% twice each for 1 min). Sections were rinsed in DEPC water for 1 min and transferred into humidified chambers and/or a water bath.
Prehybridization and hybridization: After washing the sections with phosphate-buffered saline (PBS) (1.37 M NaCl, 0.001 M KH 2 PO 4, 0.01 M Na 2 HPO 4, 0.002 M KCl in DEPC; pH 8.2) for 5 min, tissues were digested with Proteinase K (Qiagen; prepared just prior to use) at a final concentration 100 µg ml -1 in PBS for 15 min at 45°C. Tissue sections were re-fixed in 0.4% paraformaldehyde (SPI Supplies) buffered in PBS for 5 min at room temperature (RT). Sections were then covered with pre-hybridization buffer. The prehybridization buffer (25.5 ml) was prepared as follows: 5 ml 20× standard saline citrate (SSC), 12.5 ml 100% formamide, 0.5 ml 50× Denhardt's solution and 5 ml 25% dextran sulfate (all USB Corp.); 2.5 ml salmon sperm DNA (10 mg ml -1 ; Invitrogen) was boiled and added to the pre-hybridization buffer, which was stored at 4°C until used. The sections were covered with pre-hybridization buffer for 1 h at 45°C. DIGlabelled and unlabelled probe was diluted 1:200 in pre-hybridization buffer, heated at 95°C for 10 min, and then chilled on ice until used. Sections were then washed briefly with 2× SSC, and covered by DIGlabelled probe at 45°C overnight.
Post-hybridization: Tissues were washed sequentially, twice each, with 2×, 1× and 0.5× SSC at 45°C for 25 min, 5 min and 5 min, respectively, followed by 5 min washing with buffer A (1 M Tris base and 1.5 M NaCl in DEPC; pH 7.5). Tissue sections were then cov- Controls: With every ISH run we used a set of control slides, including dual negative controls and a single positive control. Negative controls consisted of an unlabelled probe used with VHSV IVb-infected tissue and a labelled probe used with various known uninfected tissues (including ovary from fathead minnows and rainbow trout). The positive control used labelled probe on VHSV IVb-infected tissues.
RESULTS
The product size of VHSV IVb by RT-PCR was 558 bp. DIG labelling success was determined by agarose electrophoresis, after which the size of the probe was approximately 100 bp higher (not shown).
In the pathological examination of all 4 species of fish, we found gross lesions and lesions detected by light microscopy in several parenchymal organs that were consistent with VHS (Lumsden et al. 2007 , AlHussinee et al. 2010 ). However, there were no lesions present in the ovary or testes of these species.
Viral antigen was detected using IHC in numerous tissues (Al-Hussinee et al. 2010 , 2011 , including the myocardium (Fig. 1 ) and blood vessels (Figs. 2 & 3) , as well as gonadal tissues. Tropism for endothelium is characteristic of VHSV (Al-Hussinee et al. 2010) and this was particularly notable in gonadal blood vessels, in which numerous leukocytes were also strongly positive (not shown). Viral antigen was also observed in the mesovarium and tunica albugina as well as in the germinal vesicle and yolk vacuole/granules of oocytes (Fig. 2) .
ISH was performed on the heart and liver to demonstrate that the same tissue patterns were found when IHC was used (Figs. 1 & 3) . VHSV IVb RNA was detected (dark blue to black staining) in the myocardium (Fig. 4) and hepatic blood vessels (Fig. 5) of freshwater drum. Multifocally in the myocardium, there was abundant staining in single cells or patches of cells (Fig. 4) . Viral RNA was predominantly present in the endothelium, but was also found in the intima and media of hepatic venules that were markedly thickened and elevated by oedema (Fig. 5) .
VHSV IVb RNA detected by ISH in gonadal tissue of muskellunge (1 ovary and 1 testis) was abundant. Scattered viral RNA was present within oocytes of muskel- Figs. 1 to 3. Freshwater drum Aplodinotus grunniens infected by VHSV IVb. Immunohhistochemistry (IHC) with haematoxylin counterstain. Fig. 1 . Heart tissue. Cardiac myofibres with multifocal cytoplasmic immunopositive staining. Fig. 2 . Ovary. Maturing oocytes that contain copious immunopositive material, in contrast to the undeveloped oocytes ( * ). Vascular endothelium (arrow) is prominently stained as well. Inset: Pre-immune rabbit serum replaced rabbit-anti-VHSV. Fig. 3 . Liver. Viral antigen is present within the thickened venule wall and within the cytoplasm of infiltrated leukocytes (magnified in inset) lunge, and was found mainly surrounding cytoplasmic yolk vacuoles/granules of oocytes, but also in the germinal vesicle (Fig. 6 ) and, to a lesser extent, in connective tissue of the mesovarium where the endothelial cells of blood vessels were also positive (not shown). Abundant multifocal staining for viral RNA was detected in, and surrounding testicular primary and secondary spermatocytes (Fig. 7) while the interstitium and blood vessels were not stained. Five of 6 ovaries examined from freshwater drum contained viral RNA. Most mature oocytes had moderate, multifocal staining, found mainly surrounding cytoplasmic yolk vacuoles/granules, while maturing oocytes also contained cytoplasmic viral RNA (Fig. 8) . However, the majority of staining was present in either degenerative or atretic oocytes (not shown). Mild to moderate staining was identified in the mesovarium.
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Figs. 4 to 6. Great Lakes fish species infected with VHSV VIb. In situ hybridization (ISH) with eosin-Y counterstain (insets: ISH with unlabelled probe). Fig. 4 . Heart of a freshwater drum Aplodinotus grunniens. Multifocal staining of myofibres for VHSV RNA. Two of 3 ovaries examined from fathead minnows contained viral RNA. In those ovaries that were positive, few mature oocytes contained viral RNA, and staining was light, but it was present within the vitelline envelope (chorion) and in the oviplasm (Fig. 9 ) and, to a lesser extent, adjacent to and within the germinal vesicle. However, viral RNA was not detected in the mesovarium (not shown).
In the single rainbow trout ovary that was positive, abundant staining was present in the mesovarium, with lesser amounts in both the oviplasm and germinal vesicles of immature oocytes (Fig. 10) . No VHSV IVb RNA was detected in known negative tissues when the labelled probe was used, and no signal was present when VHSV IVb-positive tissues were incubated with unlabelled probe.
DISCUSSION
VHSV IVb antigen was previously identified using IHC in the heart and liver, among other tissues, and in the endothelium of blood vessels of several species of infected fish (Al-Hussinee et al. 2011 ). Viral antigen was also found in ovaries and testes from muskellunge E. masquinongy and ovaries from freshwater drum A. grunniens collected from Great Lakes mortality events (Al-Hussinee et al. 2011) and from experimentally infected fathead minnows P. promelas (Al-Hussinee et al. 2010) . Using ISH in the present study, viral RNA was detected inside the oocytes of these 3 species of fish and in the immature oocytes of experimentally infected rainbow trout O. mykiss. The distribution of VHSV RNA in the myocardium and liver correlated with the distribution of VHSV antigen detected by IHC (Al-Hussinee et al. 2010 , 2011 .
While IHC, ISH and RT-PCR are widely used for detecting virus in tissues, ISH is highly sensitive (Henke et al. 2006 ) and allows for some discrimination of tissue morphology. Detection of viral nucleic acid in formalin-fixed tissues using ISH is routine (NadinDavis et al. 2003 , Sur et al. 2003 ; however, this technique has not previously been performed for VHSV. The greater sensitivity of ISH compared with IHC (Sur et al. 2003 ) is a likely reason why we did not detect viral antigen in oocytes of experimentally infected rainbow trout (Al-Hussinee et al. 2010 ) but did detect the presence of viral RNA using ISH.
Evidence to date suggests that vertical transmission does not occur with VHSV. The virus has been found in ovarian fluid and in milt (Eaton et al. 1991) ; however, VHSV did not adsorb to Chinook salmon sperm, unlike infectious haematopoietic necrosis virus (Mulcahy & Pascho 1984) . VHSV wasn't isolated from the fry of naturally infected trout or from trout eggs that had been immersed in VHSV (Jorgensen 1970) . In addition, naturally infected turbot Psetta maxima did not produce infected fry as determined by virus isolation or RT-PCR (Nishizawa et al. 2006 ). Because VHSV is present in the oocytes of at least some infected fish, as determined in the present study, antiviral factors within yolk components could inactivate virus and/or interrupt replication (Wang et al. 2008) . Should the intra-oocytic virus survive for a period, infected eggs still might not have been fertilized, as many in the present study appeared to be undergoing degeneration, at least in the freshwater drum. Certainly, established biosecurity/sanitary measures that involve egg disinfection and/or screening of broodstock greatly reduce the practical risk of vertical transmission should it actually occur (Amos et al. 1998) . Fig. 9 . Ovary of a fathead minnow Pimphales promelas. Mature oocyte contains VHSV RNA adjacent to the germinal vesicle and in the yolk granules (arrows). Fig. 10 . Immature ovary of a rainbow trout Oncorhyncus mykiss. VHSV RNA is most prominent in the mesovarium (arrows) and immature oocytes
